Catalytic hydrothermal saccharification of rice straw was carried out in the presence of sulfonated mesoporous silica (SBA-15) -based solid acid catalysts. Effects of reaction time, reaction temperature and weight ratio of solid acid catalyst to rice straw on the saccharification of rice straw were investigated. With increasing reaction time and reaction temperature, the yield of monosaccharide initially increased and then decreased, but the yield of byproducts increased. With increasing weight ratio of solid acid catalyst to rice straw up to 25 %, the yield of monosaccharide initially increased and then remained almost constant. The yield of monosaccharide was 38 % for the saccharification of rice straw carried out at 180 for 1 h with the weight ratio of rice straw/distilled water/ solid acid catalyst equal to 3/30/0.5 (g/g/g). The composition of rice straw and crystallinity index of cellulose in rice straw before and after the saccharification were determined, respectively. Based on the composition analysis, most xylan and glucan derived from hemicellulose were decomposed, but glucan derived from cellulose was little decomposed via catalytic hydrolysis at 180 and below. On the other hand, xylan and glucan derived from hemicellulose were almost completely decomposed, and part of glucan derived from cellulose was also decomposed at 200 and above. At the same time, some ash and lignin in rice straw were removed in all the reactions.
Introduction
Environmental problems such as global warming and fossil fuel crisis are becoming increasingly important worldwide 1) . Utilization of lignocellulosic biomass has great potential for the renewable production of chemicals to decrease net carbon dioxide accumulation in the atmosphere. Saccharification of polysaccharides such as hemicellulose and cellulose contained in lignocellulosic biomass is the most important process for the conversion of lignocellulosic biomass to bio-ethanol or other chemicals 2) . Extensive research has been carried out on the conversion of lignocellulosic biomass to bio-ethanol 3) , based on two stages: saccharification of lignocellulosic biomass to monosaccharide, and fermentation of monosaccharide to bio-ethanol. Since the first stage is more difficult and costly, development of economical hydrolysis technology will be key in the production of bioethanol 4) . Several hydrolysis technologies, including the use of inorganic acids, enzymes and high temperature compressed water have been widely studied, with each method having advantages and disadvantages.
Inorganic acid hydrolysis is a rapid process, but the inorganic acids often cause serious corrosion, safety problems, excessive waste disposal and difficulty in catalyst separation from the reaction solution 5), 6) . Enzymatic hydrolysis uses mild reaction conditions and has high selectivity, but long reaction time and pretreatment of lignocellulosic biomass are necessary. In addition, enzymes are expensive 7) . High temperature compressed water hydrolysis presents problems with reaction control because of the short retention time. Therefore, an efficient and economical process is important to develop for the hydrolysis of lignocellulosic biomass.
Recently, research into the hydrolysis of lignocellulosic biomass using solid acid catalysts has attracted significant attention because solid acid catalysts offer the great advantages of recovery, low or no corrosion, and mild reaction conditions. Patents describing methods for saccharification and liquefaction of lignocellulosic biomass using solid acid catalysts have been obtained by our group 8),9) . Various solid acid catalysts have also been investigated by other groups, including sulfonated carbon materials 10) , ion exchange resins 11) , heteropolyacids 12) and layered transition-metal oxide 13) . Hydrolysis of sugars using sulfonated alkyl-bridged (and/or-grafted) mesoporous silica (HMM-1) -based solid acid catalysts was also carried out 14) , and sulfonated alkyl-bridged (and/or-grafted) mesoporous silica (HMM-1) -based solid acid catalysts provide excellent activity because of the ordered channel structure and water-tolerant properties. However, these studies 10)～14) focused on the hydrolysis of cellulose and/or oligosaccharide. Lignocellulosic biomass is well known to consist of cellulose, hemicellulose, lignin, extractives and other components. In particular, the decomposition of lignin and other components will have unknown effects on the hydrolysis of lignocellulosic biomass. Therefore, use of only cellulose and/or oligosaccharide as a substrate for hydrolysis is inadequate. We have tried to carry out the catalytic hydrothermal saccharification of lignocellulosic biomass using sulfonated mesoporous silica (SBA-15) -based solid acid catalysts. Therefore, it is necessary to investigate the feasibility of using sulfonated mesoporous silica (SBA-15) -based solid acid catalysts for the catalytic hydrothermal saccharification of lignocellulosic biomass.
The present study evaluated the feasibility of rice straw saccharification using sulfonated mesoporous silica (SBA-15) -based solid acid catalysts to investigate the effects of reaction temperature, reaction time and weight ratio of solid acid catalyst to rice straw on the formation of monosaccharide and byproducts, and to identify the effect of using sulfonated mesoporous silica (SBA-15) -based solid acid catalysts on the change in properties of rice straw before and after saccharification.
Experimental

1. Preparation of Catalysts
The sulfonated mesoporous silica (SBA-15) -based solid acid catalysts were prepared by a hydrothermal method with minor modifications 15) as follows. A quantity of 12 g of Pluronic 123 (poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol), EO20PO70EO20, weight-average molecular weight of 5800, Aldrich) as a template was dissolved with stirring in 375 g of 1.9 M (1 M 1 mol ・dm -3 ) hydrochloric acid solution at room temperature. After adding 131.2 mmol of tetraethylorthosilicate (99 %, Aldrich), prehydrolysis of the mixed solution was carried out by stirring at room temperature for 3 h. After prehydrolysis, 32.8 mmol of 3-mercaptopropyltrimethoxysilane (95 %, Aldrich) was added to this solution and was stirred at room temperature for 0.5 h. Finally, 295.2 mmol of hydrogen peroxide (30 % solution, Aldrich) was added to this solution. The resulting mixture was stirred at 40 for 20 h and then was aged at 90 for 12-36 h under static conditions (Aging times for the preparation of MPS-A, MPS-B, MPS-C catalysts were 12, 24 and 36 h, respectively). The solid precursor was obtained by filtration and dried at ambient temperature overnight. The template was removed from the as-synthesized material by refluxing in ethanol for 24 h (1.5 g of assynthesized material per 400 mL of ethanol), filtering, washing with water and ethanol, and drying at 65 under vacuum conditions, to yield sulfonated mesoporous silica (SBA-15) -based solid acid catalyst. Non-sulfonated mesoporous silica (SBA-15) -based solid acid catalyst (NSC) was prepared by using the same method, except for the use of 3-mercaptopropyltrimethoxysilane and hydrogen peroxide solution. Aging for non-sulfonated mesoporous silica (SBA-15) -based solid acid catalyst (NSC) was performed at 90 for 24 h. The properties of the three synthesized catalysts and non-sulfonated mesoporous silica (SBA-15) -based solid acid catalyst (NSC) are shown in Table 1 .
Saccharification of Rice Straw
Rice straw was supplied by the Agricultural Faculty in Tokyo University of Agriculture and Technology. Composition of rice straw was analyzed using the procedure described in the NREL Chemical Analysis & Testing Procedure 16) and is given in Table 2 . Rice straw was washed thoroughly using tap water to remove surface dust and dried to a constant weight at 105 , then was chopped into small pieces of 1.18 mm (14 mesh).
Saccharification of rice straw was carried out as follows. First, the solid acid catalyst, distilled water and rice straw were placed into a stainless steel autoclave of volume 80 cm 3 made by our group, and this was placed into a shock-heated incubator with a shaking speed of 60 rpm (Isuzu, EPEC-75-Y). The reaction conditions for saccharification of rice straw were: weight ratio of solid acid catalyst to rice straw of 8.3-25 %, distilled water of 30 g, reaction time of 0.5-2 h, and reaction temperature of 150-220 . All the reported data are the average of two experiments. After the saccharification of rice straw, the mixture was separated into solid and liquid fractions via filtration. The separated solid to a constant weight.
3. Analysis
The separated liquid sample was analyzed by highperformance liquid chromatography (HPLC) using refractive index detectors (Tosoh, RI-8020). Monosaccharide, furfural and 5-hydroxymethylfurfural (5-HMF) were determined with a Sugar SP0810 column (Shodex, H004177) at 80 using distilled water as the eluent at a flow rate of 0.5 cm 3 /min. Various organic acids were analyzed using TSKgel Opak-A column (Tosoh, N0001) at 40 using 75 mM of sulfuric acid solution at a flow rate of 0.7 cm 3 /min. The main monosaccharides of the saccharification of rice straw are xylose and glucose, and the main byproducts are various organic acids (acetic acid, gluconic acid, formic acid and levulinic acid), furfural and 5-HMF.
Liquefaction yield of rice straw, yield of monosaccharide and yield of byproducts were calculated using Eqs. (1), (2) and (3), respectively.
Liquefaction yield
Where WRS is the weight of the rice straw sample without ash; WR is the weight of unreacted rice straw without ash; WM is the weight of monosaccharide (xylose, glucose); WXG is the total weight of xylan and glucan in rice straw; and WBP is the weight of by products (various organic acids, furfural, 5-HMF). Prepared solid acid catalysts and the rice straw residue were investigated by X-ray diffraction (XRD: JEOL, JDX-3530) using Cu-Kα radiation. For the prepared solid acid catalysts, the data were collected from 2θ 0.6° to 10° with a scan speed of 0.02°/s. For the rice straw residue, the data were collected at 2θ of 10°-30° with a scan speed of 0.01°/s. The crystallinity of the rice straw sample was expressed as the crystallinity index using Eq. (4) Where CrI index in Eq. (4) indicates the diffraction intensity ratio of the crystalline plane (002) at 2θ 22.4° and amorphous region at 2θ 18.7°. Nitrogen adsorption and desorption isotherms of prepared solid acid catalysts were measured over a relative pressure (P/P0) range of 0.05-0.99 at 77 K; the surface area and the pore volume of prepared solid acid catalysts were calculated using the BET apparatus software (Beckman Coulter Co., SA3100).
The acid amount of the solid acid catalyst was measured by using a titration method 18) . The experimental method for titration of acid amount is as follows. 0.5 g of a solid acid catalyst was added into 20 mL of 2 M NaCl solution, and stirred at room temperature for 8 h. The solution was then titrated using 0.1 M NaOH solution with phenolphthalein solution as the indicator.
Results
1. Characterization of Prepared Mesoporous
Silica (SBA-15) -based Solid Acid Catalysts The XRD patterns of the synthesized catalysts are shown in Fig. 1 . The peaks at 1.0°, 1.7° and 1.95° were observed in all catalysts. These results are in agreement with previous data for SBA-15 materials synthesized by conventional methods 19),20) . Further, the XRD pattern of the non-sulfonated catalyst (NSC: SBA-15) was the same as those of sulfonated catalysts. The XRD patterns show that the SBA-15 material structure persisted in all prepared mesoporous silica-based solid acid catalysts.
As shown in Table 1 , all surface areas, pore volumes and acid amounts of the prepared solid acid catalysts (MPS-A, MPS-B and MPS-C) increased with longer aging time.
2. Saccharification of Rice Straw in the Presence
of Different Solid Acid Catalysts The saccharification of rice straw in both the absence and presence of a solid acid catalyst (sulfonated catalyst or non-sulfonated catalyst (NSC: SBA-15)) was carried out at 180
for 1 h with a weight ratio of rice straw/ distilled water/solid acid catalyst equal to 3/30/0.5 (g/g/ g).
The results are shown in Fig. 2 and Table 3 . Postreaction analysis of the liquid products indicated that low content of monosaccharide and low levels of byproducts were detected after saccharification of rice straw without solid acid catalyst in a control experiment or in the presence of non-sulfonated catalyst (NSC: SBA-15). In contrast, monosaccharide was detected as the main product along with various organic acids, furfural and 5-HMF after the saccharification of rice straw in the presence of sulfonated catalyst.
In addition, higher surface area, pore volume and acid amount of solid acid catalysts increased the liquefaction yield of rice straw and decreased the yield of byproducts. The yield of total monosaccharide initially increased and then decreased. MPS-B catalyst had the highest activity for the saccharification of rice straw among the three solid acid catalysts.
Effect of Reaction Temperature on the
Saccharification of Rice Straw Reaction temperature is a key factor in the hydrolysis of lignocellulosic biomass. Therefore, the saccharification of rice straw was carried out with a weight ratio of rice straw/distilled water/MPS-B catalyst equal to 3/30/0.5 (g/g/g) at reaction temperatures of 150-220 for 1 h.
The results are shown in Fig. 3 and Table 4 . Increasing the reaction temperature resulted in higher liquefaction yield of rice straw and higher yields of furfural, 5-HMF and total organic acids. At 220 for 1 h, liquefaction yield of rice straw reached 40 %. The yield of total monosaccharide initially increased with higher reaction temperature up to 180 , but decreased thereafter. The maximum yield of total monosaccharide was 38 % at 180 for 1 h. With the increase in reaction temperature from 180 to 220 , the yields of glucose and xylose decreased with higher yields of furfural, 5-HMF and total organic acids. 
4. Effect of Reaction Time on the Saccharification of Rice Straw
The saccharification of rice straw was carried out with a weight ratio of rice straw/distilled water/MPS-B catalyst equal to 3/30/0.5 (g/g/g) at 180
for the reaction time of 0.5-2 h.
The results are shown in Fig. 4 and Table 5 . Increasing reaction time from 0.5 to 2 h resulted in higher liquefaction yield of rice straw and higher yields of furfural, 5-HMF and total organic acids. The liquefaction yield of rice straw was 38.9 % at 180 for 2 h. The yield of total monosaccharide initially increased with increasing reaction time up to 1 h, but decreased thereafter. The maximum yield of total monosaccharide was 38 % at 180 for 1 h. The yield of total monosaccharide decreased as the yields of furfural, 5-HMF and total organic acids increased with longer reaction time from 1 to 2 h. The results are shown in Fig. 5 and Table 6 . Increase in the weight ratio of solid acid catalyst to rice straw from 8.3 to 16.7 % resulted in higher liquefaction yield of rice straw and higher yields of all the products. The liquefaction yield of rice straw and yield of total monosaccharide increased slightly when the weight ratio of solid acid catalyst to rice straw exceeded 16.7 %. However, the yields of furfural, 5-HMF and total organic acids increased in the whole range of weight ratio of solid acid catalyst to rice straw. The optimal weight ratio of solid acid catalyst to rice straw was 16.7 % (MPS-B catalyst weight of 0.5 g) for the saccharification of rice straw.
6. Hydrolysis of Cellulose and Xylan Using Solid
Acid Catalyst Rice straw mainly consists of hemicellulose which contains xylan and glucan, and cellulose which contains glucan. Therefore, cellulose (Sigma-Aldrich Co., USA) and xylan (Tokyo Chemical Industry Co., Japan) were used as the model compounds to investigate the formation pathways of various products during rice straw saccharification in the presence of MPS-B catalyst.
The results of cellulose hydrolysis are shown in Fig. 6 using a weight ratio of cellulose/distilled water/ MPS-B catalyst equal to 1/30/0.5 (g/g/g) at 180 . The main byproducts detected were formic acid and furfural. The yields of formic acid and furfural obviously increased with longer reaction time.
7. Change in Properties of Rice Straw before
and after Saccharification The change in properties of rice straw before and after saccharification at different reaction temperatures for 1 h was determined using the procedure described in the NREL Chemical Analysis & Testing Procedure 16) and XRD, respectively. The XRD patterns and CrI index of cellulose in rice straw before and after saccharification are shown in Fig. 9 and Table 2 . Table 2 , with the increase in reaction temperature from 150 to 220 , the content of xylan in rice straw decreased from 10.7 to 0 %, the content of glucan decreased from 46.4 to 10.0 %, and the content of acid soluble lignin decreased from 1.9 to 0.6 %. The contents of acid insoluble lignin and ash also decreased slightly. In addition, as shown in Fig. 9, (a) is the XRD pattern of cellulose as a reference; and (b), (c), (d), (e) and (f) are the XRD patterns of rice straw before and after saccharification. As shown in Table 2 , the CrI index of cellulose in rice straw before and after saccharification increased from 13.6 to 56.6 %.
As shown in
Discussion
Based on the findings of hydrolysis of cellulose and xylan in the presence of MPS-B catalyst in Figs. 6 and 7, a reaction mechanism for the saccharification of rice straw is given in Scheme 1. The mechanism includes three steps, all involving the solid acid catalyst (see the proposed structure model of sulfonated mesoporous silica (SBA-15) -based solid acid catalyst in Fig. 8) , rice straw and distilled water. As shown in step one of Scheme 1, part of the hemicellulose and cellulose in rice straw are attacked by protons of the sulfo groups and converted into water-soluble oligosaccharides with different molecular weights via catalytic hydrolysis and/or partial hydrothermal hydrolysis. At the same time, the acetyl group in hemicellulose is hydrolyzed into acetic acid 21) . In step two, water-soluble oligosaccharides with low molecular weights penetrate inside the pores of the solid acid catalyst, and are mainly converted into xylose and glucose via catalytic hydrolysis. In step three, part of the monosaccharide produced inside the pore of the solid acid catalyst is further converted into byproducts because of overreaction via catalytic hydrolysis. Xylose would be firstly converted into furfural, and then furfural would be converted into furan (not detected in this study because of its high volatility) and formic acid. Glucose would undergo the isomerization reaction. One isomer of glucose would be converted into gluconic acid, and the other isomer (fructose) of glucose would be converted into 5-HMF, and then 5-HMF would be converted into levulinic acid and formic acid. We previously investigated the effect of particle size of rice straw on the saccharification of rice straw 22) , and found that 1.18 mm (14 mesh) was the best particle size for saccharification of rice straw. In step one of Scheme 1, the hemicellulose and cellulose are converted into water-soluble oligosaccharide; in steps two and three, the water-soluble oligosaccharide is converted into monosaccharide or byproducts. The stirring style and the particle size of rice straw, etc. might have minor effects due to mass transfer between the rice straw, distilled water and solid acid catalyst in step one. In addition, a model compound of oligosac- charide-cellobiose was also hydrolyzed using prepared solid acid catalyst with or without stirring (data was not shown in this study). No significant difference in the yields of total monosaccharide and byproducts were observed. Therefore, we conclude that the stirring style had minor effects in steps two and three. Of course, hydrothermal hydrolysis occurred in all steps. However, in steps two and three, catalytic hydrolysis was the most important because the rate of catalytic hydrolysis was much faster than that via hydrothermal hydrolysis.
Scheme 1 can be used to interpret the reaction findings in the presence and absence of a solid acid catalyst in Fig. 2 and Table 3 . Saccharification of rice straw in a control experiment or in the presence of a nonsulfonated catalyst (NSC: SBA-15) resulted in low liquefaction yield of rice straw and low yields of products due to absence of catalytic hydrolysis. Therefore, the involvement of hydrothermal hydrolysis is limited. In contrast, with the addition of a sulfonated catalyst, protons in sulfo groups bonded on the solid acid catalyst attacked the hemicellulose and cellulose in rice straw, and the hemicellulose and cellulose were converted into water-soluble oligosaccharide via catalytic hydrolysis, resulting in increased liquefaction yield of rice straw with higher acid amount of solid acid catalyst as shown in Fig. 2 (a) . Further, the yield of total monosaccharide was higher using MPS-B catalyst than using MPS-C catalyst. As shown in Scheme 1, part of the produced monosaccharide would be converted into byproducts because of the overreaction in step three via catalytic hydrolysis. The acid amount of MPS-C catalyst is higher than that of MPS-B catalyst. Thus, the degradation rate of monosaccharide was faster using MPS-C catalyst than using MPS-B catalyst. We considered that the acid amount of solid acid catalyst was the most important factor in the saccharification of rice straw.
The findings of the effect of reaction temperature on the saccharification of rice straw in Fig. 3 and Table 4 can be explained as follows. With increasing reaction temperature, catalytic hydrolysis and/or partial hydrothermal hydrolysis was accelerated in step one of Scheme 1, so the liquefaction yield of rice straw increased. Hydrolysis of the formed water-soluble oligo saccharide into monosaccharide in step two was also accelerated. However, the overreaction into byproducts in step three was significantly promoted as the reaction temperature increased over 180 , resulting in conversion of the monosaccharide into byproducts such as various organic acids, furfural, 5-HMF and other unknown products. Therefore, the yields of glucose and xylose inversely decreased with increased yields of total organic acids, furfural and 5-HMF as the reaction temperature increased over 180 .
Similarly, the effects of reaction time and weight ratio of solid acid catalyst to rice straw on the saccharification of rice straw in sections 3. 4. and 3. 5. could be interpreted as follows. With increased reaction time or weight ratio of solid acid catalyst to rice straw, the catalytic hydrolysis and/or partial hydrothermal hydrolysis in step one of Scheme 1 would be promoted, so the liquefaction yield of rice straw increased. The production rate of water-soluble oligosaccharide into monosaccharide in step two was also enhanced. However, the overreaction in step three of Scheme 1 was significantly accelerated. Thus, part of the monosaccharide was converted into byproducts such as various organic acids, furfural, 5-HMF and other unknown products. The yields of byproducts increased with greater reaction time or weight ratio of solid acid catalyst to rice straw. The change in properties of rice straw before and after saccharification in Fig. 9 and Table 2 can be explained as follows. With the increase in reaction temperature, hydrothermal hydrolysis and/or catalytic hydrolysis of rice straw was accelerated. Thus, the contents of xylan and glucan in rice straw decreased after saccharification at different reaction temperatures for 1 h. In addition, the components of rice straw were also analyzed by our group using the analysis method for woody biomass 23) . The detected contents of hemicellulose and cellulose were 32.7 and 23.3 %, respectively. Hemicellulose contains xylan and glucan, and cellulose contains only glucan. As shown in Table 2 , with increasing reaction temperature up to 180 , 23.7 % of glucan remained, which is close to the 23.3 % content of cellulose in rice straw. The total removed content of xylan and glucan was 31.1 %, which is close to the 32.7 % content of hemicellulose in rice straw. Therefore, most xylan and glucan derived from hemicellulose were decomposed, but glucan derived from cellulose was little decomposed via catalytic hydrolysis in reactions of Runs A and B. Similarly, with increasing reaction temperature up to 200 , 19.2 % of glucan remained, which is less than the 23.3 % content of cellulose in rice straw. Further, xylan was almost completely decomposed. The total removed content of xylan and glucan was 37.7 %, which is more than the 32.7 % content of hemicellulose in rice straw. Therefore, xylan and glucan derived from hemi cellulose were almost completely decomposed, and part of glucan derived from cellulose was also decomposed via catalytic hydrolysis in the reactions of Runs C and D. At the same time, some ash, acid insoluble lignin and acid soluble lignin in rice straw were removed in all reactions. In addition, the CrI index in Eq. (4) indicated the diffraction intensity ratio of the crystalline plane (002) was 2θ 22.4° and of the amorphous region was 2θ 18.7°. As shown in step one of Scheme 1, the amorphous components (such as lignin, ash and hemicellulose) can be removed after saccharification of rice straw using solid acid catalyst, and the data in Table 2 confirm the removal of amorphous components. Therefore, the CrI index increased, which is consistent with the previously reported findings 24) .
Conclusions
Catalytic hydrothermal saccharification of rice straw was carried out in the presence of sulfonated mesoporous silica (SBA-15) -based solid acid catalysts using a batch reactor. Effects of reaction time (0.5-2.0 h), reaction temperature (150-220 ) and weight ratio of solid acid catalyst to rice straw (8.3-25.0 %) on the saccharification of rice straw were investigated. With increasing reaction time and reaction temperature, the yield of monosaccharide initially increased and then decreased, but the yield of byproducts increased monotonically. With increasing weight ratio of MPS-B catalyst to rice straw up to 25 %, the yield of monosaccharide initially increased and then remained almost constant. The yield of total monosaccharide was 38 % from the saccharification of rice straw carried out at 180 for 1 h with a weight ratio of rice straw/distilled water/MPS-B catalyst equal to 3/30/0.5 (g/g/g). In addition, after the saccharification of rice straw at different reaction temperatures for 1 h, the contents of xylan, glucan and acid soluble lignin clearly decreased, and the CrI index of cellulose in rice straw increased. Based on the composition analysis of rice straw after saccharification at different reaction temperatures, most xylan and glucan derived from hemicellulose were decomposed, but glucan derived from cellulose was little decomposed via catalytic hydrolysis at 180 and below. On the other hand, xylan and glucan derived from hemicellulose were almost completely decomposed, and part of glucan derived from cellulose was also decomposed at 200 and above. At the s a m e t i m e , s o m e a s h a n d l i g n i n i n r i c e s t r a w were removed in all the reactions. 
